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Abstract—Spatial compound images are constructed from
synthetic aperture data acquired using a linear phased-array
transducer. Compound images of wires, tissue, and cysts are
created using a method, which allows both transmit and receive
compounding without any loss in temporal resolution. Similarly
to conventional imaging, the speckle reduction achieved by spatial
compounding comes at the cost of a reduced detail resolution and
a compromise must be made. Using a performance indicator,
which can be measured from an image of a phantom without
cysts, it is demonstrated how a compromise can be made, which
is optimal for lesion detection. Synthetic aperture data are
acquired from unfocused emissions and 154 compound images
are constructed by synthesizing different aperture configurations
with more or less compounding, all maintaining a constant
resolution across depth corresponding to an f-number of 2.0
for transmit and receive. The same configurations are used for
scanning a phantom with cysts, and it is demonstrated how an
improved cysts contrast follows from an aperture configuration,
which gives a higher value for the performance measure extracted
from the phantom without cysts. A correlation value R = 0.81
is observed with a p-value less than 0.0001. For the optimal
compound image, the contrast is improved by 3 dB for a cyst at
a depth of 50 mm compared to an image without compounding.
I. INTRODUCTION
Ultrasound imaging is subject to a number of inherent
artifacts that compromise image quality. The most prominent
artifact is the degradation by speckle, which reduces image
contrast, and diminishes the possibilities for detection of low-
contrast regions [1], [2]. One of the most successful ap-
proaches for removing speckle is spatial compounding, where
the speckle is reduced by averaging decorrelated frames [3],
[4]. A major drawback of spatial compounding is that speckle
reduction comes at a cost of a reduction in frame rate by the
number of directions used for compounding. Using synthetic
aperture data, compounding can be achieved using any number
of directions without reducing the frame rate as shown in [5].
Another challenge with spatial compounding is that speckle
reduction comes at the cost of a reduced detail resolution and
a compromise between contrast and resolution must always be
made. This compromise was first studied by Burckhardt [1],
who computed the theoretical value for the contrast or more
precisely, the number of independent images, Neff . This num-
ber can be computed by studying the correlation function
between pulse-echo measurements at different spatial posi-
tions. In particularly, he demonstrated, how compounding by
translating the aperture by half it length, results in at most 2.25
independent images per aperture. In later publications, Wagner
et al. [6] have shown through theoretical considerations, and
Trahey et al. [4] through measurements that the approximate
form for the correlation function presented by Burckhardt is
inaccurate in the sense that it overestimates the correlation.
The measurements by Trahey et al. show that translating the
aperture by half its length, results in about 3.2 independent
images per aperture and even closer spacing allows more
effective compounding. O’ Donnell and Silverstein derived
an exact analytic expression for the pulse-echo correlation
function [7], and it is now well known that the conclusions
made by Burckhardt are inaccurate.
The analytic expression matches the measurements of Tra-
hey et al. reasonably well and can be used for deriving the
optimum aperture displacement for efficient compounding to
be about half the aperture length, when using three apertures
and smaller when using more compound apertures.
With the possibility for real-time synthetic aperture imag-
ing [8], [9], [10] and compounding without compromising the
frame rate [5], new attention should be given to optimizing
images using spatial compounding. In particularly, since the
expression made by O’ Donnell and Silverstein is derived
by assuming both transmit and receive focusing, which is
attained by synthetic aperture focusing. Inspired by their work,
this paper investigates through measurements, how synthetic
aperture compound images can be optimized using a figure of
merit for the task of lesion detection. In addition, it suggests
another performance indicator, which can be extracted from a
tissue-mimicking phantom without cysts and by studying dif-
ferent aperture configurations with more or less compounding,
an optimal compound configuration can be found for lesion
detection.
II. SYNTHETIC APERTURE COMPOUND IMAGING
To perform spatial compounding using synthetic aperture
data, the linearity of delay-and-sum beamformation is ex-
ploited to synthesize multiple transmit and receive apertures
using data from part of or all of a number of unfocused
emissions [11], [12], [13]. For each point in the image, beam
apodization values are calculated corresponding to insonifying
the point using focused beams from a number, Ns, of synthetic
apertures with different locations. In Fig. 1, it is shown for a
single point, ~rfp, how the beam apodization for an emission
with origin ~rxmt is calculated using the distance from the
transmit origin, ~rxmt to the scan line - the line connecting the
point, ~rfp with the center of a synthetic aperture, the aperture
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Figure 1. Beam apodization calculation for a single image point ~rfp for
a sub-image using an aperture located at ~r3, Aperture 3. The apodization
values can be read-off the figure as the intersection of the scan line and the
apodization profiles. The shaded region is the region insonified by the active
elements used for the unfocused emission with origin ~rxmt.
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Figure 2. Receive apodization calculation for a single image point ~rfp for
a sub-image using an aperture located at ~r3, Aperture 3. The apodization
values can be read-off the figure as the intersection of the scan line and the
apodization profiles.
located at ~r3. Similarly, receive apodizations are calculated
for each point and applied to the signals received from
the individual receiving elements of each transmission. The
receive apodization values are calculated using the distance
from the scan line to the position of the receiving elements as
shown in Fig. 2. For the setup used in this paper, the apertures
are selected such that they overlap equally and are distributed
symmetrically around the image point. The situation shown in
Fig. 1 and Fig. 2 apply to a setup with three apertures, Ns = 3
and where they overlap by 50%. For each emission, this
procedure is repeated for a range of subapertures i = 1, . . . Ns
to update Ns images used for compounding. To avoid the
need for sampling according to the Nyquist criterion for the
excitations used in all the directions of the scan lines, the RF
data are beamformed as in-phase and quadrature components,
and the envelope for each angular image is simply computed
as the absolute value [14]. Finally, the compound image are
constructed by adding the enveloped images.
A. Figure of merit
The figure of merit referred to in the introduction was
introduced by Smith. et al. and later used by O’ Donnell and
Silverstein for computing the optimum aperture displacement
for efficient compounding [7]. It is given by [15]
fm = NeffLs/L, (1)
where L and Ls are, respectively the length of the aperture and
the length of the subaperture(s) used for compounding. The
fractional size of the subaperture, Ls/L is a measure for the
lateral resolution of the imaging system and Neff is a measure
for the efficiency of compounding. By qualifying images using
the product (1), a compound image made by adding two
independent measurements is as good as an image with twice
the lateral resolution. It should be noted that this measure
is a measure for detecting intensity differences between a
region of interest (ROI) and its surroundings. In Fig. 5a,
multiple values for Neff are computed and the product (1) is
shown for a range of compound configurations. The abscissa,
x represents the relative displacement of the apertures used
for compounding. From Fig. 5a it follows that the product (1)
peaks for configurations, where the apertures are displaced
with about half their length.
To verify the theoretical value for the figure of merit using
measurements, the number of independent images, Neff can
be estimated by measuring the correlation between the sub-
images or by measuring the signal-to-noise ratio at a point
SNR0 and using that the enveloped signals follow Rayleigh
statistics [2]
Neff =
(
SNR0
1.91
)2
. (2)
The signal-to-noise ratio at a point, SNR0 is defined as
SNR0 ≡ µV
σV
,
where µV and σV are the expectation value and standard
deviation of the envelope-detected signals.
B. Speckle information density
The figure of merit defined in the last section can be used
as rule of thumb for how spatial compounding should be
implemented. However, for assessing the quality of an image,
it is not sufficient to measure the mean and standard deviation
of a region in a tissue image and computing the figure of
merit. The reason is that it doesn’t capture the resolution and
further improper focusing leads to blurring, which causes Neff
to increase and too high a value for the figure of merit is
obtained. The most obvious solution is to measure the detail
resolution using a wire phantom and replace the size of the
subaperture(s), Ls in (1) with the size of an effective aperture,
L˜s derived from the full width at half maximum of the point
spread function
FWHM ' 1.22λ D
L˜s
. (3)
Table I
COMPOUND APERTURE CONFIGURATIONS. N IS THE NUMBER OF
SUBAPERTURES, x IS THE RELATIVE APERTURE DISPLACEMENT, AND
Ls/L IS THE FRACTIONAL SIZE OF THE SUBAPERTURE(S).
x N Ls/L Symbol
SA - 1 1.00 •
SAC2 0.20 2 0.83 ∗
SAC3 0.25 3 0.67 +
In (3), D is the depth and λ is the wave-length of the pulse.
In addition to measure the resolution and speckle reduction, it
would also be of interest to measure the object contrast, which
can be measured using the contrast-to-noise ratio (CNR)
CNR =
|µIROI − µIB |√
σ2IROI + σ
2
IB
=
∆I√
σ2IROI + σ
2
IB
, (4)
where µIROI and µIB are the mean intensities of the ROI
and background, and σ2IROI and σ
2
IB
are their corresponding
variances. Instead of imaging a wire-phantom, a speckle phan-
tom, and using some calibrated cyst phantoms for assessing
the contrast, we suggest that the speckle information density
is measured, which can be obtained solely by scanning a
tissue phantom without cysts. The speckle information density
is derived from a signal-to-noise ratio associated with lesion
detection introduced [15]
SNR∆I =
CdNeff
1/2
(SlatSax)
1/2
, (5)
where C is the contrast of a circular lesion of diameter d,
Neff is the number of independent images compounded, and
Slat, and Sax, are the lateral and axial speckle dimension. For a
measurement situation, the only ingredient we can optimize in
(5) is Neff and the speckle dimensions. It is therefore natural
to define the speckle information as SID = Neff/(SlatSax).
The speckle dimensions, Slat and Sax can be found from the
correlation cell [16]
Sc =
∫ ∞
−∞
CI(∆ξ)
CI(0)
d(∆ξ), (6)
where CI is the spatial auto-covariance for the intensity and
∆ξ is the distance between image pixels.
III. RESULTS
Images of wires, tissue, and cysts were created using a 3.5
MHz phased array transducer with 128 elements. The sampling
was done at 35 MHz using the research scanner SARUS [17].
A 16-element subaperture was used for 128 unfocused emis-
sions with an f-number of -0.5. Images were created using 154
different aperture configurations by varying Ls and the relative
aperture displacement, x, for Ns = 1, . . . , 10 subapertures.
A. Wire phantom measurements
In Fig. 3, three wire phantom images are shown. The images
are created using the aperture configuration listed in Table I. It
follows from Fig. 3b and Fig. 3c that by compounding smaller
and smaller apertures, the resolution is progressively degraded.
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Figure 3. Wire phantom images using the aperture configurations listed in
Table I.
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Figure 4. Speckle and cyst images created using the aperture configurations
listed in Table I.
B. Tissue and cyst phantom measurements
Using the same aperture configurations, which was used
for scanning the wire phantom, tissue and cyst images were
created. In Fig. 4, the images are shown.
C. Method validation
It should be clear from the previous sections that syn-
thetic aperture compounding indeed reduces the appearance
of speckle at the cost of a reduced detail resolution. The
interesting question is now, which aperture configuration is the
most optimal for lesion detection or in other words, how much
compounding should be introduced. In Fig. 5b, 154 aperture
configuration are used for imaging a region of speckle and
the values for Neff are extracted and the figure of merit is
computed for each configuration. The images used for the
3 configurations marked with •, ∗, and + are the 3 tissue
images shown in Fig. 4. Comparing the results with the
theoretical results in Fig. 5a, a clear correspondence is seen.
From the measurement results in Fig. 5b, it follows that the
optimal configurations are shifted towards smaller translations
of the apertures, which corresponds to larger overlap. This
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Figure 5. Figure of merit computed theoretically and from measurement
results.
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Figure 6. Correlation of CNR values obtained for the cyst at the depth of
50 mm and the figure of merit computed from the speckle images.
can be explained by the fact that a Hamming apodization was
introduced when computing the beam and line apodizations
for the measurements and the theoretical results are based on
an rectangular aperture function. Also, it can be seen that the
results are shifted towards using larger subapertures, which
is due to the same reason. In Fig. 6, 154 different aperture
configurations are used for imaging speckle and the cyst at 50
mm. The values for the figure of merit and the CNR values
are correlated against each other and a linear fit is applied to
the results. It follows that a large CNR value follows from a
configuration, which yields a large value for the figure of merit.
The images used for the analysis were created as proposed by
the theory and therefore they have different detail resolution.
In Fig. 5c, 154 aperture configurations are used, where the
apertures are positioned equally to those used for creating
Fig. 5b, but in addition the apertures are scaled to maintain a
constant f-number of 2.0. Very interesting, the analysis reveals
that the configuration giving the largest value for the figure of
merit is a configuration with apertures of size equal to about
80% of the full array and displaced about 20%.
In Fig. 6, the speckle information density and the CNR
values are computed for the 3 configurations listed in Table I.
The cyst and speckle images used are the images shown in
Fig. 4. The results show that also the speckle information
density is increased for a configuration with improved contrast,
but a more thorough study needs to be performed for making
a solid statement.
IV. CONCLUSION
Synthetic aperture compound images were created with
success and a simple way for selecting an optimal aperture
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Figure 7. CNR values and SID values for the 3 configurations listed in
Table I.
configuration was presented. Whether or not the speckle
information density can be used as a standalone performance
measure for lesion detection is still unclear, but this area
definitely deserves more attention, when synthetic aperture
compounding is used for imaging.
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